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Overexpression of FGF-2 Alters Cell Fate 
Specification in the Developing Retina 
of Xenopus laevis 
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The developing vertebrate retina produces appropriate ratios of seven phenotypically and functionally distinct cell types. 
Retinal progenitors remain multipotent up until the last cell division, favoring the idea that extrinsic cues direct cell fate. 
We demonstrated previously that fibroblast growth factor (FGF) receptors are necessary for transduction of signals in the 
developing Xenopus retina that bias cell fate decisions IS. McFadane et al, 1998, Development 125, 3967-3975). However, 
the precise identity of the signal remains unknown. To test whether an FGF signal is sufficient to influence ce|l fate choices 
in the developing retina, FGF-2 was overexpressed in Xenopus retinal precursors by injecting, at the embryonic 16-cell stage, 
a cDNA plasmid encoding FGF-2 into cells fated to form the retina. We found that FGF-2 overexpression in retinal 
precursors altered the relative numbers of transgene-expressing retinal ganglion cells (RGC) and Miiller glia; RGCs were 
increased by 35% and Miiller gila decreased by 50%. In contrast, the proportion of retinal precursors that became 
photoreceptors was unchanged. Within the photoreceptor population, however, we found a twofold increase in rod 
photoreceptors at the expense ofcone photoreceptors. These data are consistent with an endogenous FGF signal influencing 
cell fate decisions in the developing vertebrate retina. © 2000 Academic Press 
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INTRODUCTION 
The vertebrate r tina is a thin sheet of neural tissue that 
forms as a direct out-pocketing of the brain (Cepko et al., 
1996). Due to the relative simplicity and accessibility of the 
tissue, much has been learned about its development 
(Dowling, 1987). The mature retina is composed of seven 
different cell types that arise from a homogeneous popula- 
tion of neuroepithelial cell progenitors. Lineage analysis 
shows that in all species tudied to date, retinal progenitors 
are multipotent and can produce clones containing more 
thmn one cell type right up to the last cell division (Turner 
and Cepko, 1987; Holt et al., 1988; Turner et al., 1990). 
These data favor the idea that extrinsic ues direct retinal 
cell fate decisions (Cepko et al., 1996). 
A nmnber of in vitro and in vivo studies have revealed 
that short-range signals such as growth factors and hot- 
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moues play an important role in the induction of distinct 
retinal cell types (Altshuler and Cepko, 1992; Fubrmann et 
al., 1995~ Harris and Messersmith, 1992; Kelley et al., 1994, 
1995; Lillien, 1995; Reh, 1992). One group of candidates 
that have generated much interest is the fibroblast growth 
factor (FGF) family. Currently, 15 different members of this 
particular family have been identified (Szebenyi and Fallon, 
1999). In addition, non-FGF proteins are now known to 
signal via FGF receptors (FGFRs 1. These include ~broblast 
growth factor receptor ligands (FRLs), fibroblast growth 
factor homologous factors {FH~s}, and cell-adhesion mol- 
ecules (Kinoshita et aI., 1995; Smallwood et al., 1996; 
Walsh and Doherty, 1997). All of these ligands act via 
tyrosine kinase receptors (FGFRs), of which four distinct 
families have been isolated {Johnson and Williams, 1993). 
Members of the FGF and FGFR families are expressed in the 
developing retina of several different species (Bugra et al., 
1993; Song and Slack, 1994; Gao and Hol|yfield, 1995; 
McFarlane t al., 1998), indicating that FGFR signaling may 
play a role in retinal cell genesis. 
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The developing visual system of the South African frog, 
Xenopus laevis, is a proven system in which to test the in 
~ivo role of molecules in retinal cell genesis. The develop- 
ment of the system is well  characterized (Holt et aI., 1988; 
Harris and Holt, 1990), it ion:us rapidly, and there are 
experim.ental pproaches that can be used to rnanipulate 
gene function directly i~ vivo (Huang and Moody, 1993; 
Dorsky et al., 1997; McFarlane et al., 1998). We demon- 
strated previously that FGFR signaling is necessary for 
Xenopus retinal cell genesis (McFarlane et aL, 1998). When 
FGFR signaling in proliferating retinal neuroepithel ial  cells 
was inhibited using a dominant negative form of the recep- 
tor (Amaya et aL, 1991), there was an approximate 50% 
decrease in the number of transgene-expressing rod photo- 
receptors and a 3.5-fold increase in the nmnber of 
transgene-expressing Mfiller glia. These results strongly 
suggested that retinal FGFRs transduce a signal(s) that 
influences photoreceptor determination. However, the 
identity of the specific signal(s} involved has yet to be 
determined, and whether this signal is sufficient on its own 
to promote a rod photoreceptor fate is unknown, 
To address these issues, in the present study we overex- 
pressed an FGF signal, fibroblast growth factor-2 (FGF-2), in 
the developing retina. FGF-2 has been part icularly well 
studied with respect to its role in retinal development 
(Hicks, 1998). In retinal cell cultures, 12GF-2 promotes the 
survival and proliferation of chick retinal cells (fl icks and 
Courtois, 1992; Tcheng et aI., 1994) and st imulates rod 
photoreceptor differentiation (Hicks and Courtois, 1992). 
Moreover, when the pigment epithel ium is treated with 
FGF-2 with in a certain developmental window it can dif- 
ferentiate into neural retina (Park and Hollenberg, 1989; 
Pittack et al., 1991; Gui l lemot and Cepko, 1992; Sakaguchi 
et al., 1997). In contrast, when FGF-2 function is blocked in 
exp lant  cu l tu res  us ing  neut ra l i z ing  ant ibod ies ,  
neurofi lament-posit ive cells fail to differentiate (Pittack et 
al., 1997). 
Our data indicate that overexpression f an t?Gt~-2 trans- 
gene in retinal neuroepithel ial  precursors alters the relative 
numbers of rod photoreceptor p ogeny. Together with our 
previous dominant negative FGFR study, these results 
strongly suggest hat an FGF signal is sufficient to bias 
precursors in the developing retina toward a rod photore- 
ceptor fate and are consistent with FGF-2 being the endog- 
enous rod determination signal. 
METHODS AND MATERIALS 
Animals 
X. laevis were obtained from mating of adult frogs induced by 
human chorionic gonadotropin (Sigma). Embryos were reared in 
10% Holtfreters olution (Holtffeter, 1943) and staged according to 
Nieuwkoop and Faber (1994). Embryos at  the 16-cell stage were 
used for blastomere injections and embryos from stages 24-33/34 
were used for i~1 situ hybridization. 
Blastomere Injections 
The complete coding region of Xez~opus FGF-2 (XF207; l<il~dly 
provided by J. Slack) was subcloned into the HindIII/BamHI sites of 
a modified CS2 ~" eDNA expression vector (Turner and Weintraub, 
1994) to generate CS2-FGF-2. A eDNA construct encoding reen 
fluorescent protein (GFP; CS2-GFP) was used both as a marker for 
transgene°expressing cells and as a control. For the apoptosis 
analysis a eDNA construct encoding cqnyc (CS2-myc) was used as 
a control. 
Jelly coats of 16-ceil-stage enrbryos were removed by washing in 
2% cysteine (pH 8.0). Dejellied embryos were transferred into 5% 
Ficoll (Sigma) in 100% MBS (modified Barth saline). Embryos were 
injected with eDNA plasmids using a borosilicate glass electrode, 
pulled by an electrode puller (David Kopf Instrmnents). Pressure 
injections into specific dorsal animal blastomeres (DI.1)were 
performed using a Picospritzer II (General Valve Company). These 
btastomeres give rise to 50% of the cells in the ipsilateral retina 
(Moody, 1987). Blastomeres were injected either with CS2-GFP or 
with CS2-FGF-2 or were codnjected with both constructs. Embryos 
were then transferred to 5% Ficoll in t0% MBS and left at 14°C 
overnight. The solution was then changed to 10% Holrfreters 
solution, embryos were allowed to develop until stage 40 and then 
subsequently fixed overnight in 4% paraformaldehyde at 4°C 
before immmlocytochemical analysis. 
In a few experiments, eDNA constructs were injected along with 
a transfection agent (DOSPER; Boehringer Mannheim) into the 
developing stage 18 eye primordium as described previously (Holt 
et al., 1990). At stage 40, embryos were fixed and sectioned and 
processed immunocytochemically with antibodies for rod and cone 
markers (see below). 
Immunocytochemistry 
Fixed embryos were washed in 0.1 M phosphate buffer, trans, 
ferred to 30% sucrose, and embedded in OCT (Optimal Cutting 
Temperature; Baxter), and 12-/xm cryostat sections were cut 
through the retina. Immunostaining was performed as described 
previously {MeFarlane t aJ., 1995). Sections were incubated over- 
night in the primary antibody, rinsed, incubated in the appropriate 
rhodamine (RITC) or fluoreseein (FITC)-conjugated secondary an- 
tibody for 45 rain, and mounted with PPD glycerol (p- 
phenytenedialnine (Sigma), 85% glycerol), an antibleaehing a ent. 
Primary antibodies used in this study were as follows: Anti-FGF-2 
(R&D Systems) was used at 1:100 to label cells overexpressing 
FGF-2. This antibody was used previously to localize FGF-2 in 
developing Xenopus embryos (Song and Slack, 1994). To properly 
identify FGF-2-overexpressing cells, immunolabeling was peru 
formed overnight in order to minimize ndogenous FGF-2 labeling. 
Longer incubation periods with the antibody revealed endogenous 
labeling similar to that which we reported earlier with a different 
FGF-2 antibody (McFarlane et aI., 1995). Anti-calbindin (Sigma) 
was used at 1:200 to identify cones (Chang and Harris, 1998). This 
antibody was shown to label the vast majority, if not all, of the 
cones. Rho-4D2 was used at 1:50 to identify rods (Laird and 
Molday, 1988); Islet-1 (Developmental Studies Hybridoma Bank) 
was used at 1:100 to identify retinal ganglion cells (RGCs). RITC~ 
or FITC-coupled goat anti-mouse or anti-rabbit (The Jackson Lab- 
oratory) at a dilution of 1:500 were used as econdary antibodies. 
Retinas with at least 20 cells expressing the transgene were 
analyzed. Specific retinal cell types were identified based on 
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laminar position and morphology (Dorsky et aL, 1995, 1997; 
McFarlsne et al., 1998). In addition, antibodies were used to verify 
the identification of specific retinal cell types. For analysis, 
transgene-expressing ceils were counted in the central third of the 
retina where iamination is clear. Ceils were counted in every 
second section to avoid sampling cells twice. Photographic slides 
were scanned and processed using Adobe PhotoShop software. 
5-Bromodeoxyuridine (BrdU) Labeling 
To label mitotic cells in developing retinas, BrdU labeling was 
carried out as described previously (McFartane et aL, 1995). At 
stages 26, 30, 33/34, and 40, the gut of each transgene-expressing 
embryo was injected with5 mg/ml BrdU (Sigma) diluted in water. 
Three hours after injectio n the c~nbryos were fixed in 4% parafor- 
maldehyde at 4°C overnight before processing~ Twelve-micrometer 
transverse frozen s ctions were treated for 15 rain with 2 M HC1 at 
room temperature and rinsed before labeling. Mouse monoclonat 
anti-BrdU (Amersham) at a dilution of 1:4 was used as the primary 
antibody. 
Apoptosis Analysis 
Embryos injected with CS2-FGF-2 or CS2-nwc at the 16-cell 
stage were allowed to develop until stage 26, 30, 33/34, or 40 and 
then fixed in 4% paraformatdebyde overnight at 4°C. Transgene- 
expressing cells were identified by hnmunolabeling (see above) 
with antibodies against either FGF-2 (R&D Systems} or c-myc 
(9El0; DSHB). Following the immunohistochemistry, apoptotic 
cells were labeled using terminal deoxynucleotidyt transferase to 
add residues of digoxigenin nucteotide to fragmented DNA as per 
the manufacturer's instructions (ApopTag kit; Oncor). Apoptotic 
cells were counted in every second retinal section. 
In Situ Hybridization Reactions 
Antisense and sense dJgoxigellin-tabeled RNA probes were gen- 
erated by in vitro transcription ofappropriately linearized plasmid 
DNA constructs. For the antisense probe, CS2-FGF-2 was linear- 
ized using HindIII and transcribed with T3 RNA polymerase 
(Boehringer Mannheim) as per the manufacturer's in tructions. For 
the sense probe, XF207 was linearized using XbaI and transcribed 
using T7 RNA polymerase (Boehringer Mannheim). The sense 
probe served as a negative control. At the appropriate stages, 
embryos were dejellied using 2% cysteine (pH 8.0) and fixed in 4% 
paraformatdehyde at 4°C. Cryostat sections were cut at a thickness 
of 12 >m and the slides left to dry at 37°C overnight before use to 
ensure that sections adhered to the slides, lt~ situ hybridization was 
performed as described by Dorsky et aL (1995) except hat PBT 
(phosphate-buffered saline + 0.1% Triton) and PBT + 20% goat 
serum were replaced respectively with MAB 10.1 M maleic acid, 
0.15 M NaC1, pH 7.5) and MABT (MAB + 0.1% TX-100]/2% 
Bochringer blocking reagent. To visualize the DIG-labeled probe, 
an alkaline phosphatase (AP)-conjugated anti-DIG antibody (Boehr- 
inger Mannheim) was used along with AP substrates, 5-bromo-4- 
chloro-3-indolyl phosphate and nitroblue tetrazolium (Sigma}. Pho~ 
tographs of stained tissue were processed using Adobe PhotoShop 
Software. 
RESULTS 
FGF-2 Is Expressed in the Developing Retina 
To examine the potential role of an FGF signal in retinal 
cell genesis we investigated whether a specific FGF, FGF-2, 
could influence fate choices made by developing retinal 
neuroepithelial cells. FGF-2 was chosen because it is ex- 
pressed in the developing Xenopus eye primordium (Song 
and Slack, 1994). Furthermore, evidence from earlier in 
vitro studies has implicated FGF-2 in retinal development. 
For instance, FGF-2 promotes the differentiation of rat rod 
photoreceptors and RGCs h? vitro (Hicks and Courtois, 
1992; Pittack et aL, 1997) and stimulates proliferation of 
glial cells and the survival of neurons in chick eye explants 
(Tcheng et al., 1994). As a first step, we determined whether 
FGF-2 was expressed in the developing Xenopus retina at 
the appropriate time and place via in situ hybridization 
analysis. 
The Xenopus retina develops rapidly, with the entire set 
of ceils that comprise the embryonic retina being generated 
over a 25- to 30-h period [Holt et d. ,  1988). The first cells in 
the retina to become postmitotic, the RGCs, do so at stage 
24 (24 h postfertilization). Shortly thereafter, cells destined 
for all other retinal fates undergo their final division. At 
these early stages, FGF-2 mRNA is expressed throughout 
the neuroepithelium (Fig. 1A). FGF-2 mRNA continues to 
be expressed throughout the neural retina during the major 
period of retinal cell genesis (i.e., from stages 26 to 32; 
30-42 h postfertilization) (Fig. 1B). By stage 33/34 (44 h 
postfertilization), the large majority of retinal cell types are 
postmitotic {Holt et al., 1988). At this stage, while FGF-2 
mRNA is expressed throughout the retina, expression ap- 
pears strongest in the lens and in the ciliary marginal zone 
(CMZ) (Fig. 1C); cells in this region continue to proliferate 
into adulthood (Wetts and Fraser, 1988). In smmnary, these 
data indicate that FGF-2 may influence cell proliferation 
and/or genesis in the developing retina. 
Overexpression ofFGF-2 in Retinal Precursors 
Alters the Relative Numbers of RGCs 
and Miiller Glia 
To test whether in vivo FGF-2 influences cell fate choice 
we overexpressed FGF-2 in retinal precursors and deter- 
mined the eventual fate of these ceils. A plasmid encoding 
FGF-2 (CS2-FGF-2) was injected at the embryonic l&cell 
stage into a specific dorsal animal blastomere (DI.1). This 
blastomere has been shown previously to give rise to 
approximately 50% of the ipsilateral retina (Huang and 
Moody, 1993). Given that eDNA transcription commences 
at the midhlastula transition, blastomere injections ensured 
that the plasmid was expressed sufficiently early so as to 
potentially bias the fate decisions of developing retinal 
precursors. A eDNA plasmid encoding GFP (CS2-GFP) was 
used as a control. GFP has been used previously in retinal 
cell genesis studies {Dorsky eta]. ,  1997~ McFarlane et al., 
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FIG. 1. Endogenous and exogenous expression of FGF-2. (A-D) Localization of FGF-2 mRNA by in situ hybridization i 12~m transverse 
sections through Xenopus eye prirnordia t different developmental stages: (A) stage 24, (B) stage 28, (C) stage 33/34, (D) sense control. [E---G) 
Co-injection of CS2-GFP and CS2-FGI~2 into blastomeres at the embryonic 16~cell stage results in most ransgene-positive cells expressing 
both FGF-Z and GFP. (E) GFP (green) expression in the retina. (F) hnmunolabeling of FGF-2 transgene-expressing cells (red) using a rabbit 
polyctonal antibody against FGF~2 (R&D Systems). (G) Coexpression (yellow) of GFP and FGF-2. L, lens; E, epidermis; PE, pigment 
epithelium; D, dorsal; V, ventral; RGCL, retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; onh, optic nerve 
head. Orientation arrows in D and E refer to A-D and E G, respectively. Scale bar in A is 50 gm for all. 
1998) and shows a distribution of transgene-expressing cells 
among retinal cell types similar to that observed witb 
horseradish peroxidase and fluorescein-dextran injections 
(Holt et aL, 1988; Huang and Moody, 1993). Following the 
injections, embryos were left to develop until stage 40 
(approximately 3 days). By this stage, all retinal cell types 
have been generated and individual transgene-expressing 
cells are readily identified on the basis of cell morphology 
and laminar position (Dorsky et al., 1995, 1997; McFarlane 
eta]., 1998). Transverse sections were made through the 
eye, and the transgene-expressing cells in the differentiated 
central third o~ the retina were identified. 
In most experiments, CS2-GFP and CS2-FGF-2 were 
co-injected, thus allowing for use of the GFP signal to 
identify FGF-2-overexpressing cells. To confirm that GFP- 
positive retinal cells also expressed high levels of FGF-2, 
retinas were immunolabeled with a rabbit polyclonal anti- 
body against FGF-2 {R&D Systems) (Figs. 1E-1GJ, enabling 
direct quantification of coexpression; the coexpression rate 
was 90.7% (n = 1713). The use of GFP as a marker for 
transgenesis permitted us to easily discard live embryos 
that failed to express introduced cDNA (i.e., showed little 
or no GFP expression in the eye) and allowed for easier 
identification of retinal cells based on morphology. FGF-~- 
expressing retinas were examined for possible changes in 
the distribution of transgene-expressing cells among the 
different retinal cell types. 
In the Xenopus retina, cells are generated in a conserved 
temporal order (Holt et al., 1988). Although production of 
the various retinal cell types overlaps considerably, RGCs 
are always born first, followed shortly thereafter by hori- 
zontal and cone cells. Subsequently, amacrine, rod, and 
bipolar cells are generated~ followed by Mailer glia (Holt et 
al., 1988; Dorsky et al., 1997). Apparently, when FGF-2 is 
overexpressed in retinal precursors, the eye forn~ls normally; 
the appropriate layering of the retina is observed, and 
transgene-expressing cells show a differentiated morphol- 
ogy (Figs. 1E-1G). Moreover, despite in vivo and in vitro 
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FIG. 2. Overexpressing FGF-2 in retinal precursors alters the 
distribution of retinal cell fates. Graph of the distribution of GFP, 
FGI:-2, and GFP/FGE-2 transgene-expressing cells in stage 40 
retinas. FGF-2-expressing cells were identified by immunolabeling 
with an antibody against FGF-2 (R&D Systems). Transgene~ 
expressing ceils were identified on the basis of laminar position and 
morphology. Error bars are SEM (n, number of retina, GFP = 3848 
cells; GFP/FGF-2 = 2096 cells; FGF-2 = 1694 cells) (*P < 0.01; 
* *P < 0,001 ANOVA, Dunnett's post hoc test), 
evidence that FGF-2 promotes transdifferentiation f the 
pigment epithelium into neural retina we observed no 
obvious disruption of the pigment epithelium (Park and 
Hollenberg, 1989; Pittack et ai.,1991; Guil lemot and 
Cepko, 1992; Sakaguchi et at., 1997). Few if any pigment 
epithelial cells expressed either the FGF-2 or the GFP 
transgene, presumably because the targeted blastomeres do 
not give rise to this tissue. In addition, pigment epithelium 
neighboring FGF-2-expressing retinal cells was apparently 
normal (for example see Fig. 1F). 
The types of retinal cells the FGF-2-overexpressing pre- 
cursors develop into, however, is altered compared to con- 
trol precursors: 35% more FGF-2-expressing cells go on to 
assume a RGC fate compared to CS2-GFP-injected cells 
(Fig. 2). In addition, a decreased percentage of Mtiller glia 
were produced in the FGF-2-expressing retinas (Fig. 2). In 
GFP-positive retinas Miiller glia made up 7% of all 
transgene-expressing ceils compared to 3% in GFP/FGF-2- 
expressing retinas. These data suggest hat ectopic FGF-2 
affects the production of RGCs and Mfiller glial cells. 
Amacrine, bipolar, photoreceptor, and horizontal cell per- 
centages were not obviously affected by FGF-2 overexpres- 
sion {Fig, 2), 
FGF-2 Biases Photoreceptor Precursors toward a 
Rod Cell Fate 
Our previous data, which inwgved inhibiting FGFR 
function in retinal precursors, suggested a role for FGF 
signaling in the production of rod photoreceptors (McFar- 
lane et aI., 1998). As already indicated, however, overex- 
pression of FGF-2 had no effect on the total percentage of 
transgene-expressing photoreceptors compared to con- 
trol. To ask more specifically if FGF-2 overexpression 
could affect rod and/or cone photoreceptor cell fates, we 
determined whether FGF-2-expressing photoreceptors 
were rods or cones by immunolabel ing with cell-specific 
markers; an antibody against calbindin was used to label 
cones (Chang and Harris, 1998) and an antibody against 
rhodopsin was used to label rods (Laird and Molday, 
1988). Transgene-expressing photoreceptors were identi- 
fied as rods if they were negative for calbindin or, in a 
second set of experiments, positive for rhodopsin (Figs. 
4A-4D). In contrast, cones were positive for calbindin 
and negative for rhodopsin. Our data indicate that while 
the overall proportion of photoreceptors in the retina was 
unaffected by FGF-2 overexpression, rod and cone cell 
fates were influenced. As previously demonstrated, there 
were slightly more cone than rod photoreceptors in 
control GFP-expressing cells (Dorsky et aI., 1997; McFar- 
lane et a l ,  1998) (Fig. 3). When retinal precursors over- 
expressed FGF-2, however, 60% fewer transgene- 
expressing photoreceptors were cones (Fig. 3). Thus, of 
the FGF-2-overexpressing population of photoreceptors, 
rods made up the predominant cell type. Similar results 
were obtained when the CS2-FGF-2 was introduced into 
retinal precursors a day later (stage 18), by directly 
injecting the eDNA and a transfection agent into the 
developing neuroepithel ium that gives rise to the eye 
e, 12: 
6~ 
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FIG. 3. Overexpression f FGF-2 in retinal precursors favors a rod 
photoreceptor fate. Graph of the percentage of transgene-expressing 
photoreceptors that are rods in GFP and GFP/FGF-2 blastomere 
injected embryos. Stage 40 transgene-expressing retina were la~ 
beled with either anti-rhodopsin to label rods or anti-calbindin to 
label cones. Transgene-expressing rod photoreceptors, photorecep- 
tots that were either rhodopsin-positive or calbindin-negative, are 
represented as a percentage of the total number of transgene~ 
expressing photoreceptors ( ods + cones}. Numbers above bars are 
the numbers of retinas, and the numbers in parentheses are the 
numbers of transgene*expressing photoreceptors. Error bars are 
SEM ( * P < 0.01, Kruskal-Wallis nonparametric ANOVA, Dunn's 
post hoc test). 
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FIG. 4. Overexpression of FGF-2 may promote rod photore- 
ceptor cell fate in the developing Xenopus retina. Twelve- 
micrometer t ansverse sections through stage 40 retinas of GFP- 
and GFP/FGF-2-expressing embryos. (A and B) Retina expressing 
GFP (A) or GFP/FGF~2 (B) immunolabeled with anti-rhodopsin 
(red) to identify rod photoreceptors (yellow). Cells labeled 
with stars are rods (rhodopsin positive), and circles are cones 
(rhodopsin negative). (C) High-power view of the outer nuclear 
layer (ONL) of a retina containing GFP/FGF-2-expressing cells 
(green) iramunostained with anti~rhodopsin (red). (D) Retina 
expressing GFP/FGF-2 (green) labeled with antbcalbindin (red) 
to identify cone photoreceptors (yellow). (E and F) Apoptotic 
cells (green, arrows) in a control retina (E) and a GFP/FGF-2- 
expressing retina (F). (G and H) GFP- (G) and GFP/FGF-2- (H) 
expressing :retinas (green) ilmnunolabeled with an~i-BrdU (red) 
to identify mitotic cells. With the exception of a few BrdU- 
labeled cells in the central retina the only actively dividing ceils 
in transgene-expressing retina are in the CMZ. Bar in B is 50/xm 
for A and B, 20 b~m for C, and 100 ~m for D-H. L, lens; PE, 
pigment epithelium; ONL, outer nuclear layer; D, dorsal; V, 
ventral. Orientation in A is for A, B, and D. Orientation in C is 
for C and E-H. 
(Holt et aI., 1990). In such experiments, protein expres- 
sion by transfected cells is observed by stage 24, just as 
the first retinal cells are being born (Holt et al., 19901. We 
found that within the transgene-expressing photorecep- 
tor population there were significantly fewer FGF-2- 
positive cones compared to GFP-positive cones (26.1%, 
n = 243 cells vs 54.7%, n = 360 cells). These data suggest 
that FGF-2 promotes a rod photoreceptor cell fate and 
that FGF-2 acts on retinal precursors and not early 
blastula- or neurula~stage embryos [Huang and Moody, 
1995). 
FGF-2 0verexpression Does Not Influence Retinal 
Cell Survival 
In order to address the question of whether FGF-2 over- 
expression could be influencing cell survival, apoptotic ell 
death was examined in transgene-expressing retinas using 
an ApopTag kit (Oncor) at several different developmental 
stages (Figs. 4E, 4F, 5A, and 5B). There was no significant 
change in the number of apoptotic cells in retinas from 
FGF-2-overexpressing embryos compared to similarly 
staged retinas from control nonexpressing embryos (Fig. 
5A). Indeed, at the observed evelopmental stages only a 
small percentage of the FGF-2-overexpressing cells were 
apoptotic (Fig. 5B). Similar apoptosis rates were observed for 
retinal cells expressing a control myc transgene. This con- 
struct has previously been shown to have no obvious effect 
on retinal cell genesis (Hirsch and Harris, 1997). These data 
suggest that FGF-2 overexpression did not have asignificant 
toxic or survival effect on expressing cells or their neigh- 
bors. 
FGF-2 0verexpression Does Not Affect the Timing 
of Differentiation of Transgene-Expressing Cells 
Due to the fact that FGF-2 is a well-known mitogen 
(Szebenyi and Fallon, 1999), cell proliferation was examined 
in the transgene-expressing retinas of early and later stage 
embryos (stages 26, 30, 33/34, and 40). This was done by 
injecting embryos with BrdU and visualizing mitotically 
active cells via immunolabeling with anti-BrdU (see Meth- 
ods and Materials). As demonstrated in Fig. 5C; at all 
developmental stages examined there was no significant 
difference in the number of BrdU-positive transgene- 
expressing cells in the retinas of GFP-expressing embryos 
(Fig. 4G) compared to GFP/FGF-2-expressing embryos (Fig, 
4H). These data suggest that overexpressing FGF-2 does not 
alter the timing of retinal cells pulling out of the cell cycle: 
FGF-2-overexpressing cells do not appear to remain prolif- 
erative for longer periods of time nor do they appear to pull 
out of the cell cycle early. 
DISCUSSION 
Our previous work showed that FGFRs transduce a signal 
that influences the fate of developing retinal cells (McFar- 
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FIG. 5. Overexpression of FGF-2 does n t affect he survival or 
proliferation of transgene-expressing cells. At different develop- 
mental stages, retinas were assayed for proliferation (BrdU 
incorporation) and apoptosis and o significant difference was 
observed between the control and the experimental data sets. (A) 
Graph showing the average number of apoptotic ells/12-~ln 
retinal section that either were nonexpressing controls or ex- 
pressed the myc or FG£-2 transgenes. The same mean nmnber of 
apoptotic cells was observed in all three sets of retinas. Numbers 
are the numbers of retinas analyzed (>1400 transgene-positive 
cells were counted for each data point). Statistical significance 
was assayed using an ANOVA. (B) Graph showing the mean 
percentage of transgene-positive cells that were apoptotic. Nmn- 
bets are the numbers of retinas analyzed. Statistical significance 
was assayed using a two-tailed Student  test. (C) Graph showing 
the percentage of transgene-expressing cells/retina that were 
BrdU positive, Numbers represent the numbers of retina, while 
numbers in parentheses represent the numbers of transgene- 
expressing cells. Statistical significance was analyzed using a 
two-tailed Student t test. 
lane et aL, 1998). In this paper, we provide evidence that an 
£GI: signal is sufficient o bias precursors toward either a 
RGC or a rod ph0toreceptor fate. We showed that FGF-2 
was endogenously expressed in the retina when cell prolif- 
eration and differentiation are occurring. When overex- 
pressed, FGF-2 biased precursor cells toward a rod photore- 
ceptor cell fate and led to an increased proportion of RGCs 
and a decreased proportion of Mtiller glia. These data, taken 
together with the FGFR blockade data, indicate that FGF 
signaling is both necessary and sufficient o bias precursors 
toward specific retinal cell fates. 
It is possible that the overexpressed FGF-2 actually mim- 
icked the actions of another developmentally expressed 
FGF. Indeed, we found that several different FGF family 
members are expressed in the developing Xenopus retina, 
including FGF-3 and FGF-9 (data not shown). Moreover, 
FGFRs are promiscuous with respect o the FGF ligands 
they bind (Szebenyi and Fallon, t999). Significantly, how- 
ever, FGF- 1 and FGF-2 are not equally potent in their effects 
on the development of retinal cells in culture and m vivo, 
suggesting that FGFs are not all interchangeable (Guillemot 
and Cepko, 1992; McFarlane et aI., 1995). FGF-2 is still a 
good candidate for the endogenous I?GFR ligand involved in 
cell determination, as it is expressed in the Xenopus eye 
primordium when cell fate decisions are being made. In 
addition, exogenous FGF-2 influences the production of 
specific retinal cell fates both in vitro and, as we showed 
here, in vivo (Hicks and Courtois, 1992; Tcheng et aI., 1994; 
Pittack and Reh, 1997). To specifically test a role for FGF-2 
in retinal cell genesis will require blocking its function in 
the developing retina. Transgenic mice lacking FGF-2 have 
demonstrated that endogenous FGF-2 promotes neurogen- 
esis in specific brain regions (Ortega et aI., 1998; Ozaki et 
aI., 1998; Dono e't al., 1998). A role for FGF-2 in retinal 
development m these animals has not yet been reported. 
Given the apparent redundancy of FGF signaling, however, 
blocking the function of FGF-2 in the retina might not 
produce aphenotype. 
RGCs are the first cells in the retina to become postmi- 
totic. Our previous data using a dominant negative FGFR 
indicated that RGC genesis occurs independent of FGFR 
signaling in retinal precursors (McFarlane et al., 1998). In 
the present study, however, we found that FGF-2 caused a 
small but significant increase in the number of transgene- 
expressing ceils that became RGCs. This result agrees with 
previous tudies in which exogenous FGF*2 increased neu- 
rofilament immunoreactivky in chick eye bud and dissoci- 
ated retinal cultures (Pittack et al., 1997; Guillemot and 
Cepko, 1992). An explanation for the discrepancy we see 
between FGF-2 overexpression and disruption of FGFR 
signaling may lie in redundancy, wherehy I~GF-2 is only one 
of a number of signals that biases cells toward a RGC fate. 
When FGFR function is blocked in vivo these additional, as 
yet unidentified cues may be sufficient to bias retinal 
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precursors to become RGCs. In contrast, excess FGF-2 is 
sufficient o push precursors toward a RGC fate. 
It is postulated that retinal cells are generated from a 
fixed precursor pool that shrinks in size as more cells 
become postmitotic (Cepko, 1999). As a result, experimen~ 
tal manipulations that increase the production of one cell 
type seem to occur at the expense of at least one other cell 
type (Lillien, 1995; Dorsky et aL, 1997). Based on this 
model, it follows that overproduction f RGCs should cause 
a decrease in at least one other retinal cell type. Indeed, in 
our experiments he proportion of FGF-%expressing Mfiller 
glia was reduced compared to control. Mfiller glia are the 
last cells in the retina to be born (Dorsky et al., 1997), 
Therefore, it is possible with FGF-2 overexpression that at 
later developmental stages fewer precursors were available 
to acquire this cell fate. 
While RGC genesis is not dependent on an FGF signal, 
the situation is different for rod photoreceptor determina- 
tion. Our data indicate that an FGF signal is important for 
specification of the rod photoreceptor cell fate; the majority 
o f  FGF~2-overexpressing photoreceptors were rods, a situa- 
tion that is clearly different from the normal retina, where 
cones make up the major population of Xenopus photore- 
ceptors (Dorsky et aI., 1997; McFarlane et al., 1998). These 
results are in agreement with those of our previous study in 
which inhibiting FGFR signaling in retinal precursors re- 
sulted in a decrease in transgene-expressing rod photorecep- 
tots (McFarlane et al., 1998). Additional evidence includes 
the demonstration that blocking FGF~2 synthesis in the 
developing chick retina with antisense oligodeoxynucleoti- 
des resulted in a small decrease in the photoreceptor num- 
bers (Desire et al., 1998) and that FGF-2 treatment of chick 
or rat retinal cultures increased the number of cells express~ 
ing the rod cell marker rhodopsin (Tcheng et al., 1994; 
Hicks and Courtois, 1992). Together these studies point to 
a role for an FGF, conceivably FGF-2, in promoting rod 
photoreceptor genesis. 
How might FGF-2 be influencing rod photoreceptor 
numbers? An increase in the proportion of rod photore- 
ceptors could occur if FGF-2 biased retinal precursors 
toward a rod cell fate. Alternatively, the increase could 
result from proliferation of rod precursors or enhanced 
rod cell survival. For instance, FGF-2 is mitogenic in 
embryonic rat retinal cell cultures (Lillien and Cepko, 
1992), and exogenous application of FGF-2 in rat postna- 
tal photoreceptor cultures promotes urvival (Fontaine et 
aI., 1998). However, changes in neither proliferation or 
survival adequately explain our data. If rod levels in- 
creased ue to proliferation we would have expected both 
overall photoreceptor and rod photoreceptor p oportions 
to increase. Instead, in our data, the overall proportion of 
photoreceptors rem.ained unchanged, suggesting that the 
increase in rods occurred at the expense of cones. In 
addition, we showed that FGF-2-overexpressing cells at 
several developmental stages were no more likely to be 
BrdU positive than control GFP-expressing cells. 
Enhanced rod survival or decreased cone survival are 
also inadequate to explain the higher percentage of rod 
photoreceptors seen as a result of FGF-2 overexpression. 
increased rod cell survival, similar to proliferation, would 
be seen as an increase in the percentage of photoreceptor 
cells with respect o other cell. types. Such an increase 
was not observed. The fact that photoreceptors made up 
a similar proportion of the control and FGF-2-expressing 
retinal populations also argues against selective killing of 
cones. Finally, when cell death was assayed at several 
stages over the period of cell genesis no significant 
difference in apoptotic cell numbers was observed nor 
were apoptotic ells restricted to the photoreceptor layer. 
Similarly, we observed previously that blocking FGFR 
function in the developing Xenopus  retina caused no 
enhancement of apoptosis (McFarlane et aL, 1998). More- 
over, in embryonic hick retina, blocking FGF~2 function 
with antisense oligodeoxynucleotides caused no increase 
in apoptotic ell death in the photoreceptor layer (Desire 
et aI., 1998). An FGF may act, however, as a survival 
factor in the later maturing retina once cell fates have 
been determined. For instance, FGF-2 is a survival factor 
for cultured postnatal rat photoreceptors (Fontaine et al., 
1998), and, in transgenic mice in which FGFR activity is 
blocked, photoreceptors degenerate over a period of 2 
months (Campochiaro et al., 1996). In summary, our 
results and those of others support a role for an FGF in 
biasing precursors toward a rod photoreceptor fate. 
Recent work advocates the idea that early and late 
progenitors are present in the retina and give rise to distinct 
retinal cells (Alexiades and Cepko, 1997). In chick, progeni- 
tors expressing the VC 1.1 marker differentiate mainly into 
amacrine and horizontal cells in the early retina. Later in 
development the VCI.1 + progenitors usually differentiate 
into rod photoreceptors. The evidence suggests that specific 
progenitors are biased, but not restricted, to producing a 
particular subset of cell types (Cepko, 1999). It is likely that 
different species have precursors with distinct cell fate 
biases, depending on the final adult proportions of the 
various retinal cell types. Indeed, our data showing that 
FGF-2 overexpression affects the relative proportion of cone 
and rod photoreceptors suggest hat there is a precursor in 
the Xenopus retina that gives rise to both cell types. These 
data are in agreement with previous tudies demonstrating 
that in the early Xenopus retina the XAP-1 antigen is 
expressed by both cone and rod photoreceptors (Harris and 
Messersmith, 1992). A similar precursor may exist in the 
rat retina, which can differentiate as either a rod or a cone 
depending on the relative concentrations of retinoic acid 
and triiodothyronine (Kelley et al., 1995). Interestingly, in 
our study total photoreceptor p oportions were unchanged 
by FGF-2 overexpression, suggesting that while FGF-2 pro- 
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motes a rod cell fate it does not promote the initial 
generation of photoreceptor p ecursors. 
We propose that the FGF-2-overexpressing cells secrete 
FGF-2~ which acts in an autocrine manner on FGFRs 
located on the cell membrane. Although FGF-2 lacks the 
hydrophobic signal sequence required for its secretion via a 
classical secretory pathway, evidence does exist for secre- 
tion of FGF-2. For example, exogenous application of FGF- 
2-neutralizing antibodies in vitro impairs the effects of 
FGF-2 transfection on stimulating migration of NIH 3T3 
cells and inhibiting differentiation of skeletal muscle cells 
(Mignatti et aI., 1991; Hannon et al., 1996). The agreement 
between our FGFR dominant negative and FGF-2- 
overexpression data with respect o rod cell genesis argues 
that FGF-2 is acting externally via transmembrane FGFRs. 
Two pieces of evidence suggest hat its range of action is 
severely limited, however: First, the pigment epithelium 
neighboring FGF-2-overexpressing cells was apparently un- 
affected. Second, the same total numbers of nonexpressing 
rod and cone photoreceptors were observed in ectopic 
FGF-2 retinas compared to control (data not shown). It is 
possible that FGF~2 induces the secretion of a second FGF 
that could be the causative agent. For instance, survival of 
retinal pigment epithelial cells is enhanced by FGF-2- 
dependent release of FGF-1 (Guillonneau et al., 1998). 
FGF-1 is unlikely to be the endogenous FGF signal that 
promotes rod cell genesis since at least in chick it is 
expressed at low levels in the developing retina (Mascarelli 
et aI., 1987). 
Our data suggest hat an FGF signal influences retinal 
cell genesis. We propose that in the early retina an FGF 
biases progenitors to adopt a RGC fate, whereas later 
activity promotes a rod photoreceptor fate. The possibil- 
ity exists, however, that the overexpressed FGF-2 is 
acting to mimic  a non-FGF ligand for the receptor (Ki- 
noshita et al., 1995; Smallwood et al., 1996; Walsh and 
Doherty, 1997). For example, FRLs, FHFs, and cell- 
adhesion molecules are expressed in the developing ver- 
tebrate retina, though as yet none of these molecules 
have been implicated in cell genesis in the developing 
CNS (Kinoshita et aL, 1995; Riehl et al., 1996; Brittis et 
al., 1996; Munoz-Sanjuan et aI., 1999; Faulkner-Jones et 
al., 1999). Whether the FGF and non-FGF ligands activate 
similar signaling m echanisms downstream of FGFR bind- 
ing, and to comparable l vels, is unclear. Thus, important 
issues for future research to address include whether a 
member of the FGF family is the endogenous rod deter- 
minat ion signal and the identification of the downstream 
gene targets involved in the rod fate decision. 
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